9 8 8 VOLUME 15 | NUMBER 7 | JULY 2012 nature neurOSCIenCe a r t I C l e S Synapses are diverse in their structure and function. Even in a homogeneous population of connections between two well-defined cell types, large variability is found in the shape and size of pre-and postsynaptic elements 1,2 . Similar to the structural diversity, many functional parameters such as the probability of the transmitter release, the size of the readily releasable pool of vesicles, short-and long-term plasticity of the synapses and the size of the postsynaptic responses display large heterogeneity 3 . Although tremendous efforts have been invested in the past decades, the contribution of differences in the synaptic ultrastructure or the molecular composition of synapses to generating functional diversity is still debated. An example of an apparent relationship between synapse ultrastructure and function comes from studies examining the numbers and densities of postsynaptic AMPA-and NMDA-type glutamate receptors. Both receptor types are concentrated in the postsynaptic density (PSD), and their numbers scale with the PSD area 4-6 . As a consequence, larger postsynaptic responses are generated in larger spines 7, 8 with larger PSDs 9 . Clearly, the actual size of the PSD has very little direct effect on the amplitude of the postsynaptic response, but because the PSD area tightly correlates with the number of postsynaptic glutamate receptors, it can be used to predict the size of the postsynaptic response. Can a similar ultrastructural feature that is indicative of function be found on the presynaptic side? Most presynaptic axons that had been initially examined to address this question are large, contain many active zones and are specialized for rapid, reliable excitation of their postsynaptic partners (for example, neuromuscular junction, squid giant axon and calyx of Held). Many of the classical papers indicated a correlation between the structure and function of these large axons or axon terminals 10-13 . However, most axon terminals in the CNS are small, often bear a single active zone and cannot efficiently drive their postsynaptic target cells. This is particularly true for cortical glutamatergic terminals, which are in the order of 1 µm in diameter; most of them have a single active zone; and their release probabilities range from 0 to 0.9. The long-standing question is to what extent can the morphological parameters of cortical glutamatergic terminals predict their functional properties? Studies of cultured hippocampal neurons suggested that the release probability correlates with the number of readily releasable vesicles, which corresponds to vesicles docked at the presynaptic active zone 14, 15 . In the same synapse population, the number of docked vesicles has been found to be proportional to the active-zone area and to the volume of the terminal 1,2 , implying that the larger the presynaptic terminal, the higher its release probability is. The general applicability of such a clear correlation had been challenged by data showing that glutamatergic terminals of cortical and hippocampal pyramidal cells, which are presynaptic to distinct types of GABAergic interneurons, have widely different release probabilities and short-term plasticity patterns [16] [17] [18] [19] [20] Cortical synapses have structural, molecular and functional heterogeneity; our knowledge regarding the relationship between their ultrastructural and functional parameters is still fragmented. Here we asked how the neurotransmitter release probability and presynaptic [Ca 2+ ] transients relate to the ultrastructure of rat hippocampal glutamatergic axon terminals. Two-photon Ca 2+ imaging-derived optical quantal analysis and correlated electron microscopic reconstructions revealed a tight correlation between the release probability and the active-zone area. Peak amplitude of [Ca 2+ ] transients in single boutons also positively correlated with the active-zone area. Freeze-fracture immunogold labeling revealed that the voltage-gated calcium channel subunit Cav2.1 and the presynaptic protein Rim1/2 are confined to the active zone and their numbers scale linearly with the active-zone area.
Synapses are diverse in their structure and function. Even in a homogeneous population of connections between two well-defined cell types, large variability is found in the shape and size of pre-and postsynaptic elements 1, 2 . Similar to the structural diversity, many functional parameters such as the probability of the transmitter release, the size of the readily releasable pool of vesicles, short-and long-term plasticity of the synapses and the size of the postsynaptic responses display large heterogeneity 3 . Although tremendous efforts have been invested in the past decades, the contribution of differences in the synaptic ultrastructure or the molecular composition of synapses to generating functional diversity is still debated. An example of an apparent relationship between synapse ultrastructure and function comes from studies examining the numbers and densities of postsynaptic AMPA-and NMDA-type glutamate receptors. Both receptor types are concentrated in the postsynaptic density (PSD), and their numbers scale with the PSD area [4] [5] [6] . As a consequence, larger postsynaptic responses are generated in larger spines 7, 8 with larger PSDs 9 . Clearly, the actual size of the PSD has very little direct effect on the amplitude of the postsynaptic response, but because the PSD area tightly correlates with the number of postsynaptic glutamate receptors, it can be used to predict the size of the postsynaptic response. Can a similar ultrastructural feature that is indicative of function be found on the presynaptic side? Most presynaptic axons that had been initially examined to address this question are large, contain many active zones and are specialized for rapid, reliable excitation of their postsynaptic partners (for example, neuromuscular junction, squid giant axon and calyx of Held). Many of the classical papers indicated a correlation between the structure and function of these large axons or axon terminals [10] [11] [12] [13] . However, most axon terminals in the CNS are small, often bear a single active zone and cannot efficiently drive their postsynaptic target cells. This is particularly true for cortical glutamatergic terminals, which are in the order of 1 µm in diameter; most of them have a single active zone; and their release probabilities range from 0 to 0.9. The long-standing question is to what extent can the morphological parameters of cortical glutamatergic terminals predict their functional properties? Studies of cultured hippocampal neurons suggested that the release probability correlates with the number of readily releasable vesicles, which corresponds to vesicles docked at the presynaptic active zone 14, 15 . In the same synapse population, the number of docked vesicles has been found to be proportional to the active-zone area and to the volume of the terminal 1, 2 , implying that the larger the presynaptic terminal, the higher its release probability is. The general applicability of such a clear correlation had been challenged by data showing that glutamatergic terminals of cortical and hippocampal pyramidal cells, which are presynaptic to distinct types of GABAergic interneurons, have widely different release probabilities and short-term plasticity patterns [16] [17] [18] [19] [20] but have very similar sizes. Similarly, axon terminals of the cerebellar cortex with similar active-zone sizes and number of docked vesicles have dramatically different release probabilities 21 , indicating that the molecular composition of the presynaptic terminal must have a key role in determining the functional properties. To minimize the molecular, structural a r t I C l e S and functional heterogeneity, we examined a homogeneous population of axon terminals of CA3 pyramidal cells synapsing on other CA3 pyramidal cells in acute hippocampal slices. We addressed the relationship between the ultrastructure, molecular composition and function of these terminals by combining in vitro patch-clamp electrophysiology, twophoton fluorescence Ca 2+ imaging, post hoc electron-microscopy 3D reconstruction of the imaged pre-and postsynaptic structures and quantitative, sodium dodecyl sulfate-digested freeze-fracture replica immunogold localization (SDS-FRL) of presynaptic proteins.
RESULTS

Morphological diversity of CA3 pyramidal cell axon terminals
Schaffer collateral synapses made by CA3 pyramidal cell axons onto CA1 pyramidal cell dendrites differ greatly from one another with respect to their morphological and functional parameters 1,2 . However, the long distance between the cell bodies of CA3 pyramidal cells and their boutons in the CA1 area imposes a long diffusion time of Ca 2+ -sensitive fluorescent dyes to the terminals when introduced somatically. We therefore chose the local axon collaterals of pyramidal cells in the CA3 stratum oriens within 150-300 µm from the somata. These axon terminals establish synapses both on the basal dendritic spines of other CA3 pyramidal cells and on local GABAergic interneurons. In this work, we focused exclusively on pyramidal cell-pyramidal cell synapses. Because quantitative information regarding the morphological properties of these synapses was not available, we first performed electron-microscopy 3D reconstructions from serial ultrathin sections of a 16-day-old rat. In Figure 1 we illustrate local axon terminals and their postsynaptic pyramidal cell spines, which had substantial variability in the volume of the boutons (0.18 ± 0.14 µm 3 , ± s.d., n = 68, Fig. 1h ), in the area of the active zones (0.04 ± 0.03 µm 2 , n = 83, Fig. 1i ) and in the volume of the postsynaptic spines (0.04 ± 0.04 µm 3 , n = 83, Fig. 1j ). The majority of boutons formed synapses with only a single postsynaptic partner, whereas approximately one-fifth of the boutons had more than one postsynaptic target (13.2% had two, 4.4% had three and 1.5% had four). Individual active-zone areas exhibited only a weak positive correlation with bouton volume (Fig. 1k) , and the volume of the presynaptic terminal poorly predicted the volume of the postsynaptic spine (Fig. 1l) . However, the total active-zone area (calculated by summing up all active zones per bouton) correlated more tightly with bouton volume (R = 0.68). Virtually all CA3 pyramidal cell spines had a single presynaptic partner and consequently had a single PSD, the size of which reliably predicted spine volume (Fig. 1m) . Axon terminals contain many small synaptic vesicles. Few of these vesicles are within a few nanometers from the presynaptic active-zone membrane (docked vesicles, Fig. 2a,b) and may correspond to the functionally defined readily releasable pool. Most vesicles are tens and hundreds of nanometers away from the active zone and might comprise the reserve pool. For assessing the number of docked vesicles possibly the best method is electronmicroscopy tomography. However, a reliable estimate can also be obtained with electron-microscopy 3D reconstruction from very shows a weak, but significant correlation with the active-zone area (k, P = 0.0023, n = 68 boutons), whereas no significant correlation was found with the volume of the individual postsynaptic spines (l; P = 0.081, n = 83 spines). (m) Spine volume and corresponding PSD area are tightly correlated (P < 0.0001, n = 83 spines and PSDs). Scale bars, 0.2 µm (a-c), and sides of the cubes are 0.2 µm (d) and 0.1 µm (e-g).
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VOLUME 15 | NUMBER 7 | JULY 2012 nature neurOSCIenCe a r t I C l e S thin sections. We chose the second method and reconstructed 15 synapses (n = 1 rat) from 20-nm thin sections (Fig. 2c) ; we found that the number of docked vesicles positively correlated with the active-zone area (Fig. 2d ). The ultrastructural parameters described above are very similar to those published previously for Schaffer collateral synapses in the CA1 area 1,2 and also predict a large heterogeneity in their functional properties.
Variability in release probability and short-term plasticity To measure the release probability and short-term plasticity of CA3 pyramidal cell local axon collaterals, we performed two-photon imaging of [Ca 2+ ] transients in individual dendritic spines in response to paired extracellular stimulation. By holding pyramidal cells at -30 mV, we efficiently detected Ca 2+ fluxing through NMDA receptors after the presynaptic release of glutamate in single spines and reliably distinguished successful events from failures ( Fig. 3a-c and Supplementary Fig. 1 ).
Repeating the stimulations 50-120 times allowed the determination of the release probability 22 . This release probability denotes the probability that neurotransmitter release occurs from a given active zone and (g,h) 90 superimposed traces to paired stimulations in spines 3 and 9 demonstrate differences in release probability (P R 1 : 0.021 for spine 3 and 0.1 for spine 9). (i) Summary graph showing P R 1 and P R 2 of individual spines (black dots; n = 43 spines in 14 rats). Means (gray dots) and s.d. are shown. Note that few synapses had zero P R 1 . Red symbols represent electron microscopically analyzed synapses (n = 14). On average, the synapses showed an increase in release probability (paired pulse facilitation). Scale bars represent 50 ms and 0.1 G/G max (a,f-h), 2 µm (d), and 2 µm and 50 ms (e). Scale bars in h apply to g. is different from vesicle release probability. To increase the chance of finding spines postsynaptic to activated boutons, we placed a unipolar stimulating electrode a few tens of micrometers away from the monitored basal dendrite and simultaneously imaged 6-12 spines in a dendritic segment using line-scanning mode (Fig. 3d,e) . In Figure 3d -h we illustrate a typical example of simultaneously monitoring 9 spines and 2 dendritic shaft segments. Rapidly rising, transient increases in [Ca 2+ ] were visible (detected with 100 µM Fluo5F; Fig. 3e ) in 2 of 9 spines, whereas we detected delayed, slow-rising, small-amplitude transients in some of the neighboring spines and dendritic shafts. Boutons with different release probabilities established synaptic contacts with spines close to each other on a short dendritic segment (Fig. 3g,h , for example, spine 3 release probability = 0.02, spine 9 release probability = 0.11). Examining 43 activated spines (in 14 rats) revealed a great variability in the release probability for the first (P R 1 ) and second (P R 2 ) stimuli among axon terminals (P R 1 range was 0-0.53 with mean ± s.d. of 0.14 ± 0.14; P R 2 range was 0.03-0.48 with mean ± s.d. of 0.19 ± 0.12, n = 43 spines; Fig. 3i ). We also determined the paired-pulse plasticity (at 100 ms interstimulus interval) of release by dividing P R 2 by P R 1 for each bouton. Our results demonstrate a wide range of paired-pulse ratios (0. with an average of about twofold facilitation (mean ± s.d. = 2.2 ± 2.0, n = 40 synapses; three synapses had a P R 1 of 0). There was an inverse correlation between the P R 1 and the paired-pulse ratio for these axon terminals; synapses with a P R 1 < 0.1 always displayed paired-pulse facilitation (mean paired-pulse ratio = 3.15), whereas those with a P R 1 > 0.4 always showed paired-pulse depression (mean paired-pulse ratio = 0.71).
Our results revealed a large heterogeneity in the functional properties of CA3 pyramidal cell local axon collaterals, similar to that of Schaffer collaterals in acute slices and cultures.
Having established a large diversity in both the ultrastructural and functional properties of CA3 pyramidal cell axon terminals, next we examined correlations among the measured structural and functional parameters. In addition to the Ca 2+ -sensitive (Fluo5F, 100 µM) and Ca 2+ -insensitive (20 µM Alexa Fluor 594) fluorescent dyes, we also included biocytin in the intracellular solution, allowing post hoc light-microscopy and subsequent electron-microscopy visualization of the imaged dendritic segments. We simultaneously scanned seven spines and their parent dendrite (Fig. 4a) , of which two spines (spines 2 and 4) had fast rising [Ca 2+ ] transients in response to extracellular stimulations. Bouton 4 had a low P R 1 (0.08; Fig. 4b ), whereas bouton 2 had relatively high P R 1 (0.33; Fig. 4c ). We reconstructed the entire dendritic segment in three dimensions based on electron microscopy of serial ultrathin sections (Fig. 4d,e) and identified all seven imaged spines in the reconstructed profile (Fig. 4f) . After identifying the At higher release probability, there is an increased chance that release occurs for both stimuli (light blue traces) (d,e) Electron micrographs showing presynaptic axon terminals (b2 and b4, pseudocolored blue) that established synapses onto the imaged spines (s2, s4, active zones are marked with arrowheads). (f) 3D reconstruction of the whole dendritic segment (yellow) and two axon terminals (b2 and b4 blue, upper left). Enlarged 3D view of the terminals (b2, b4) and the corresponding spines (s2, s4) from two different perspectives; on the left the boutons are semitransparent, same direction as the electron microscopy images, on the right the spines are semitransparent and the reconstructions are rotated to achieve an en face view of the active zones (AZ; orange). Note the differences in the size of the active zones and the P R 1 . Apposing arrows indicate the positions of the electron-microscopy sections from which images are shown in d,e. (g,h) Bouton volume shows a weak positive correlation (g, P = 0.038, n = 14 synapses from six rats) whereas the active-zone area shows a tight and significant (P < 0.0001) positive correlation (h) with P R 1 . Orange dots indicate b2 and b4. Scale bars, 2 µm (a), 50 ms and 0.1 G/G max (b,c) and 0.2 µm (d,e); sides of the scale cubes, 0.5 µm (f top left) and 0.1 µm (rest of f). VOLUME 15 | NUMBER 7 | JULY 2012 nature neurOSCIenCe a r t I C l e S activated spines 2 and 4, we also reconstructed the unlabeled axon terminals that made synaptic contacts onto these spines (Fig. 4d-f) . Both spines had only a single presynaptic partner. Our post hoc 3D reconstructions revealed differences in both the volume of the boutons and the area of the active zones. Examining the relationships between P R 1 and bouton volume, and between P R 1 and active-zone area (Fig. 4g,h ) for all reconstructed synaptic partners revealed significant (P < 0.05) positive correlations (n = 14 synapses in 6 rats). 2+ ] in CA3 pyramidal cell axon terminals Probability of transmitter release depends on the spatiotemporal profile of free [Ca 2+ ] around the docked vesicles and the binding rate of Ca 2+ to the sensor. Despite the wealth of information regarding the relationship between [Ca 2+ ] and release obtained at the neuromuscular synapse, the squid giant axon, the calyx of Held and hippocampal basket cell terminals [23] [24] [25] [26] [27] [28] [29] , almost nothing is known about these parameters at cortical glutamatergic terminals. In a previously published paper 30 , a greater than tenfold variability in the peak [Ca 2+ ] in cortical layer 2/3 pyramidal cell axon terminals has been reported. Because direct measurements of the release probability and action potential-evoked [Ca 2+ ] in individual small cortical glutamatergic terminals are not possible with currently available techniques in acute slices, we chose a strategy to determine these functional parameters in separate experiments and relate both of them to the same set of ultrastructural parameters. We measured single action potential-evoked [Ca 2+ ] transients in boutons of CA3 pyramidal cell local axon collaterals (Online Methods and Supplementary Figs. 2 and 3) in the stratum oriens followed by post hoc electron microscopy 3D reconstruction of the imaged boutons. Peak amplitude of [Ca 2+ ] transients displayed large (eightfold) variability among the boutons (mean ± s.d. = 0.16 ± 0.07 G/G max , where G is the green fluorescence signal as a function of time and G max is the maximum fluorescent signal at saturating Ca 2+ concentrations; coefficient of variation = 0.45, n = 84 boutons in 4 rats; Fig. 5a-e) . After fixation, we visualized the biocytin and identified the individual imaged boutons by light microscopy ( Fig. 5f ) and also in serial electron microscopy sections. For 27 boutons (from 4 rats), we also identified pyramidal cell spines as their single postsynaptic targets and performed full 3D reconstructions of both the pre-and postsynaptic elements. Two boutons with very similar volumes (0.22 µm 3 and 0.24 µm 3 ; Fig. 5g-i) displayed an ~2.5-fold difference in their peak [Ca 2+ ] transients. In agreement with these examples, we could not find a significant (P = 0.3) correlation between the bouton volume and the amplitude of the [Ca 2+ ] transients (Fig. 5j) . However, when we examined the correlation between the amplitude of the [Ca 2+ ] transients and the active-zone area (Fig. 5k) and the total amount of fluxed Ca 2+ per action potential and the activezone area (Fig. 5l) , we found significant (P < 0.01) positive correlations. The two boutons illustrated in Figure 5h ,i had an active-zone area ratio of 2.4, a peak [Ca 2+ ] ratio of 2.5 and a total fluxed Ca 2+ ratio of 2.3. [31] [32] [33] . Here we examined the direct contribution of these channel subtypes to [Ca 2+ ] transients measured in individual boutons of CA3 pyramidal cells (Supplementary Fig. 4 ). The Cav2.1 (P/Q-type) subunit-specific blocker ω-agatoxin IVA (1 µM) and the Cav2.2 (N-type) subunit-specific blocker ω-conotoxin GVIA (1 µM) reduced the peak amplitude of the [Ca 2+ ] transients by 28.8 ± 1.1% (Supplementary Fig. 4a , n = 67 boutons in 4 cells from 4 rats, P < 0.0001) and 35.7 ± 12% (Supplementary Fig. 4b , n = 71 boutons in 4 cells from 4 rats, P < 0.0001), respectively. Application of SNX482 (500 nM), a Cav2.3 (R-type) subunit-specific blocker, resulted in a 14.7 ± 2.3% reduction in the peak amplitude (Supplementary Fig. 4c , n = 40 boutons in 3 cells from 3 rats, P < 0.01). These results on the pharmacological profile of the presynaptic [Ca 2+ ] transients are in agreement with previous data showing a major role of the Cav2.1, Cav2.2 and Cav2.3 subunits in mediating postsynaptic responses at hippocampal glutamatergic terminals 32 and that of bulk Ca 2+ imaging of Schaffer collateral terminals 31 . After the blockade of Cav2.2 and Cav2.3 subunits, when the majority of the Ca 2+ influx is mediated by the Cav2.1 subunit, the amplitude of the [Ca 2+ ] transients was reduced by 50.4 ± 3.9% (n = 39 boutons in 2 cells from 2 rats), but the bouton-to-bouton variability of the responses remained very similar (coefficient of variation = 0.51), demonstrating that the large variability in peak [Ca 2+ ] is also evident under conditions when mainly Cav2.1 channels mediate the Ca 2+ influx.
Variability in [Ca
Contribution of Ca
a r t I C l e S profiles
Cav2.1 subunit is confined to the presynaptic active zone
Assuming that Cav channels are confined to the active-zone membrane of the bouton, our Ca 2+ imaging experiments, revealing that the total amount of fluxed Ca 2+ after an action potential is proportional to the active-zone area, predict that the number of Cav channels scales linearly with active-zone area. However, direct experimental data for cortical excitatory axon terminals were not available regarding this important assumption. Therefore, we carried out high-resolution SDS-FRL of the Cav2.1 subunits in the stratum oriens of adult and 16-day-old rats (Fig. 6) . In this technique, after rapid freezing and fracturing of brain tissue, carbon-platinum-carbon replicas of fractured tissue surfaces are created. Fractured membranes containing transmembrane proteins attached to the replica will be retained after digestion with SDS, and can be visualized with electron microscopy immunogold-labeling (Online Methods; reviewed in ref. 34 ). In adult rats, immunogold particles labeling the Cav2.1 subunit on protoplasmic plasma membranes (P face) were highly enriched in presynaptic active zones compared to extrasynaptic bouton surfaces (Fig. 6a) .
We found similar enrichment of the Cav2.1 subunit in the active zones in rats age-matched (postnatal day 16; P16) to those used in our imaging experiments (Fig. 6b) . We recognized active zones from the clusters of intramembrane particles 35 . To provide molecular evidence that the site of calcium-channel clustering is indeed the active zone, we performed double immunolabeling for the Cav2.1 subunit and presynaptic active-zone proteins Rim1/2 ( Fig. 6c) and found that both were confined to the same part of the presynaptic plasma membrane, to the active zone. Furthermore, we carried out double immunogold labeling for Cav2.1 and AMPA-type glutamate receptors. Small gold particles labeling the Cav channels accumulated in presynaptic specializations facing AMPA receptor immunopositive PSDs in synapses in which both the presynaptic P-face and the corresponding postsynaptic extracellular membranes (E face) were exposed (Fig. 6d) . Finally, we performed two series of experiments to validate the specificity of Cav2.1 immunolabeling in our replicas. First, we carried out SDS-FRL with another anti-Cav2.1 subunit antibody (rabbit) that was raised against a different epitope of the protein and obtained a qualitatively very similar result to that obtained with our guinea pig anti-Cav2.1 antibody. In double-labeling reactions, the two antibodies labeled exactly the same subcellular compartment of CA3 pyramidal cell axon terminals (Fig. 6e) . In a second set of experiments, we performed SDS-FRL on hippocampal tissue of Cav2.1 +/-(Cacna1a +/-) and Cav2.1 -/-mice. The labeling pattern on Cav2.1 +/-tissue was similar to that observed in Wistar rats (Fig. 6f) ; an extensive colocalization of the Cav2.1 was observed with Rim1/2. In contrast, Rim1/2-positive active zones in Cav2. Figure 6 Cav2.1 subunit was confined to the active zone of presynaptic axon terminals in the stratum oriens of the hippocampal CA3 area. (a,b) SDS-digested freeze-fracture replica-labeling of the Cav2.1 subunit on the P face of axon terminals (t) in an adult rat (a) and a postnatal day 16 (P16) rat (b). Gold particles are enriched in putative active zones of the terminals indicated by the loose cluster of intramembrane particles. (c) The active zone of a presynaptic axon terminal is labeled for both the Cav2.1 subunit (10 nm gold) and Rim1/2 (15 nm gold) in an adult rat. (d) Gold particles labeling the Cav2.1 subunit (10 nm gold) are concentrated on the P face of a presynaptic active zone of an excitatory synapse facing the E face of the postsynaptic membrane enriched in AMPA receptors (15 nm gold). (e) Two Cav2.1 antibodies, one raised in a rabbit (Rb) and another one in a guinea pig (Gp) against different epitopes, label the same presynaptic active zone. Inset, magnification of the active zone shown in the boxed area in e. (f,g) Active zones identified by Rim1/2 immunolabeling (15 nm gold) are also labeled for the Cav2.1 subunit (10 nm gold) in a Cav2.1 +/-mouse (f), but small gold particles labeling the Cav2.1 subunit could not be found in Cav2.1 -/-mice (g). Scale bars, 200 nm (a,e), 100 nm (b-d, e inset, f and g). VOLUME 15 | NUMBER 7 | JULY 2012 nature neurOSCIenCe a r t I C l e S for the Cav2.1 subunit (Fig. 6g) . Quantitative analysis revealed that in Cav2.1 +/-tissue, 211 gold particles labeling Cav2.1 were detected in 39 active zones, whereas in Cav2.1 -/-mice, we found zero particles in 24 Rim1/2-positive active zones. In agreement with our electronmicroscopy immunogold-labeling data, when we recorded slowly rising, small-amplitude [Ca 2+ ] transients in five presynaptic boutons, post hoc electron-microscopy analysis revealed the lack of postsynaptic partners and active zones (Supplementary Fig. 5 ). The slow rise times and small amplitudes are inconsistent with the direct entry of Ca 2+ but consistent with the diffusion of Ca 2+ or Ca 2+ -bound Fluo5F from a neighboring bouton, which was just few micrometers away.
Rim1/2 and Cav2.1 have uniform densities in active zones Optical quantal analysis followed by post hoc electron-microscopy 3D reconstructions demonstrated that the release probability scales quasilinearly with the size of the presynaptic active zone. A prediction of this result is that large presynaptic active zones consist of multiple neurotransmitter-release sites. If a functional release site is created by a defined number of molecules associated with the active zone, then the prediction of our results is that the number of presynaptic active-zone proteins should scale linearly with the active-zone area. We tested this prediction by performing quantitative electronmicroscopy immunogold localization of active-zone proteins. First we tested the distribution of synaptosome-associated protein, 25 kDa (SNAP-25), a soluble N-ethylmaleimide-sensitive-factor attachment protein receptor (SNARE), and found that immunogold particles were present within and outside the active zones (Fig. 7) . Quantitative analysis revealed that the density of SNAP-25 in the active zone was very similar to that found on the nonsynaptic part of the bouton (Fig. 7d) a r t I C l e S was mainly found on synaptic vesicles with low-intensity labeling on plasma membranes. With such proteins, we could not test the abovementioned prediction. We therefore searched for presynaptic proteins with an exclusive active-zone location. The most obvious one was the Cav2.1 subunit. We found fewer gold particles in smaller active zones (Fig. 7e,f) . There was a steep, significant positive linear correlation (P < 0.01 in both rats) between the number of gold particles and the active-zone area (Fig. 7g) . Quantification of the immunolabeling revealed a high density of gold particles in the active zones, but the extrasynaptic densities did not differ significantly (P = 0.73 and 0.06 in two rats) from the background (Fig. 7h) . Finally, Rim1/2 was also restricted to the active zone ( Fig. 7i-l) . Similar to our results with the Cav2.1 subunit, the number of gold particles labeling Rim1/2 also correlated tightly and significantly (P < 0.01 in both rats) with active-zone area (Fig. 7k) . We also noticed that gold particles labeling Cav2.1 were not distributed uniformly in the active zones but seemingly formed small clusters (for example , Figs. 6a, 7e and 8a) . To quantitatively analyze the distribution of Cav2.1 immunolabeling in the active zone (Fig. 8) , we measured all inter-gold particle distances in individual active zones and asked whether the inter-gold particle distance distribution was significantly different from random distributions (Fig. 8a-c) . For this, we generated 50 random distributions for each synapse having exactly the same number of 'gold' particles as determined experimentally in the same synapse (Fig. 8a-c) and calculated the distributions of the simulated inter-'gold' distances. For large active zones (>0.1 µm 2 ) in which a large number of gold particles were detected, in >50% of the active zones the inter-gold particle distance distributions were significantly different from random distributions (P < 0.05, for all 50 random distributions). This proportion was 26% for all examined presynaptic active zones (n = 34; Fig. 8d ). For many small active zones with a small number of gold particles, the inter-gold particle distance distributions could be either significantly or nonsignificantly different from random distributions (Fig. 8b,c ).
DISCUSSION
Here we described heterogeneity in the morphological, molecular and functional properties of local axon collaterals of CA3 pyramidal cells. Release probability of individual terminals as well as the total amount of fluxed Ca 2+ after an action potential scaled linearly with active-zone area. Cav2.1 subunits were concentrated in the presynaptic active zone, and their numbers together with those of Rim1/2 were proportional to activezone area. These results, taken together, are consistent with a modular model of the active zone 36 , where the number of functional release sites scales with the active-zone area and, as a consequence, enables release at multiple sites at large pyramidal cell-pyramidal cell synapses.
Our results obtained with functional and morphological examinations of CA3 pyramidal cell-pyramidal cell glutamatergic synapses revealed large structural and functional heterogeneities in this apparently homogeneous synapse population. It has been known that both the pre-and postsynaptic properties of central synapses depend on the cellular identity of the synapsing partners. For example, the release probability and short-term plasticity of release from hippocampal and cortical pyramidal cell axon terminals depends on the target cell type; pyramidal cells evoke facilitating excitatory postsynaptic potentials on hippocampal OLM and neocortical bitufted interneurons, whereas the same presynaptic pyramidal cells innervate parvalbumin-positive basket cells with depressing excitatory postsynaptic potentials [16] [17] [18] [19] [20] . These target cell type-specific differences have been shown to be reflected in the amplitude of [Ca 2+ ] transients in the presynaptic boutons 18 . The identity of the presynaptic cell type is also instrumental in setting the functional and structural parameters of the synapses. For example, parallel and climbing fiber synapses on cerebellar Purkinje cells have widely different initial release probabilities and short-term plasticity 21 . Figure 8 Nonrandom distribution of the Cav2.1 subunits within the active zones. (a-c) Examples of different gold-particle distributions in a large active zone (a) and in two small active zones (b and c). SDS-FRL replica image (a, left) showing the distribution of gold particles in a large active zone (0.182 µm 2 ). Next image shows the same active-zone area covered with a mesh (10 nm); positions of the 47 gold particles are shown in red. Graphs shows cumulative probability distributions of the inter-gold particle distances of the experimental data (original) and the mean ± s.d. of 50 random distributions. R16 is an individual random distribution (shown in a, right). The original gold particle distribution was significantly different (P < 0.01) from all of the 50 random distributions. Data shown in b are the same as in a but for a small synapse (0.025 µm 2 ) that contained only 15 gold particles. Rightmost image in b is a visualization of two random distributions, one that gave an inter-'gold' particle distance distribution that was significantly different (yellow) and another one that was not different (green) from the data. (c) Same as a but showing a small active zone (0.024 µm 2 , containing 11 gold particles) in which the inter-gold particle distance distribution was rarely different (4 of 50) from random distributions. (d) Percentage of the simulations in which the experimentally determined intergold particle distance distributions were different from random inter-gold particle distance distributions in individual active zones, plotted as a function of the active-zone area (n = 34 active zones, rat 1). The three active zones shown in a-c are indicated by the three colored dots. Note that for large synapses, there is a larger proportion of the active zones in which the distribution of Cav2.1 channels significantly differ from the random distribution. Scale bars, 100 nm (a-c). 400 600 VOLUME 15 | NUMBER 7 | JULY 2012 nature neurOSCIenCe a r t I C l e S Similarly, the release properties of CCK and parvalbumin-expressing hippocampal basket cells are also different 37 . Thus, if one examines a synapse population in which the pre-and postsynaptic cellular elements are heterogeneous (for example, synapses in the neocortex), it is not surprising to see large structural and functional diversity. Keeping this in mind, we restricted our analysis to CA3 pyramidal cell local axon terminals that formed synapses only onto other CA3 pyramidal cell spines, and still observed an extensive functional and structural heterogeneity. This large diversity of synapses seems to be a unique feature of pyramidal cells because when other synapse populations are examined, which have homogeneous pre-and postsynaptic cellular elements (for example, parvalbumin-positive basket cells onto dentate gyrus granule cells, globular bushy cells of the ventral cochlear nucleus onto principal cells of the medial nucleus of the trapezoid body, that is, calyx of Held and others), a much smaller heterogeneity is found in the initial release probability, short-term plasticity and active-zone size. This is probably a reflection of the more plastic properties of pyramidal cell-pyramidal cell connections and their widely different functional states at any given time in the life of an animal. However, it cannot be excluded that a similar degree of heterogeneity will be found in synapses that show less plasticity. Irrespective of this, here we present quantitative data regarding the distribution of many morphological and functional parameters of CA3 pyramidal cell-pyramidal cell synapses, providing essential information for constructing realistic neuronal network models and forming the foundation for comparisons of different physiological and pathological network states.
Revealing the coupling between the presynaptic calcium channels and the Ca 2+ sensor of the release machinery is fundamental to our understanding of synaptic communication between nerve cells. The complexity of determining the exact relationship of the Ca 2+ -release coupling has been widely appreciated 26, 38 . It requires quantitative knowledge about the number, density and distribution of presynaptic calcium channels at the active zone; the location and the kinetic properties of the Ca 2+ sensors; and the concentration and binding kinetics of fixed and mobile Ca 2+ buffers and their diffusion coefficients. Recent experiments, using exogenously applied fast and slow Ca 2+ buffers revealed two fundamentally different modes of Ca 2+ -release coupling. At hippocampal parvalbumin-positive basket cell synapses 39 , retinal ribbon synapses 40 , cerebellar basket cell synapses 41 and in adult calyx of Held synapses 42 , the slow Ca 2+ buffer ethylene glycol tetraacetic acid (EGTA) at low millimolar concentrations cannot interfere with neurotransmitter release, indicating that the distance between the Ca 2+ entry site and the sensor is short, probably in the range of tens of nanometers (nanodomain coupling). In addition, in these synapses, the number of calcium channels mediating the release of a single vesicle is low (between 1 and 5; ref. 38) . However, at young calyx of Held 43 , cortical CCK-positive basket cell 37 and cortical pyramidal cell synapses 19, 44 , EGTA at concentrations of a few millimolar strongly reduces postsynaptic responses, indicating a larger distance (fifty to few hundred nanometers) between the calcium channels and the sensors (microdomain coupling). This regime also predicts a much larger number of calcium channels contributing to the Ca 2+ concentration that drive synchronous release. Although these experiments provide functional data regarding the number of releaseassociated calcium channels and the distance between the calcium channels and the sensors, they could not reveal where exactly the calcium channels are located on the surface of a bouton or what their densities are within and outside the active zone.
Long-standing questions in this field are whether calcium channels are confined to the presynaptic active zone and whether they are randomly or nonrandomly (for example, uniform or clustered) distributed in the active zone. Many investigators attempted to address this issue using many different techniques and preparations in the past three decades. Ca 2+ microdomains have been recorded in the squid giant axon in localized spots assumed to be active zones 45 . Similar highly localized Ca 2+ microdomains have been detected in cultured neuromuscular junctions 46 and in inner hair cells 47 . However, none of these studies provided direct evidence that these domains corresponded to active zones. When similar fluorescent [Ca 2+ ] measurements had been performed in small CNS boutons, no spatial inhomogeneities could be detected because of the small size of the boutons, the rapid equilibration of Ca 2+ in the terminal and the relatively slow binding rate of Ca 2+ to the Ca 2+ -sensitive fluorescent reporters used 18, 25, 30 . In summary, such Ca 2+ -imaging experiments could not provide information regarding the distribution of calcium channels in small glutamatergic or GABAergic boutons.
A more appropriate method to reveal the precise distribution of calcium channels in axon terminals is immunolocalization or fluorescence tagging and examining the reactions with light or electron microscopy. In Drosophila melanogaster neuromuscular junctions, RIM-binding protein has a key role in maintaining the molecular integrity of the active zone and in the active-zone localization of the calcium channels 48 . Superresolution light microscopy experiments provided compelling evidence for the active-zone location of calcium channels, but how their number or density relate to the size of the active zone remained unknown.
In this work, we applied high-resolution electron-microscopy immunogold localization of the Cav2.1 subunit and found its exclusive active-zone location in CA3 pyramidal cell local axon terminals. Recent immunolocalization experiments using a pre-embedding electron-microscopy immunogold technique had demonstrated the enrichment of Cav2.1 in the active zones of cerebellar parallel fiber 49 and hippocampal fast spiking basket cells terminals 39 . Across the active zones of CA3 pyramidal cells, the density of Cav2.1 channels was uniform, similar to that of the active zone-related proteins Rim1/2. The uniform Rim1/2 and Cav2.1 densities predict that larger active zones will have proportionally more molecular resources for supporting release. Notably, in large active zones where many gold particles were found, they did not show a random distribution in the active zone. This nonrandom calcium-channel distribution might indicate that the sites of vesicle docking and release cannot occur anywhere in the active zone but only in molecularly defined spaces. As described above, the coupling between calcium channels and the sensor is not very tight in cortical pyramidal cell axon terminals 44 . Although the exact distance between them has not been identified with detailed modeling, a minimum distance of ~100 nm is estimated 38 . Building on this assumption, we calculated that every calcium channel in an activezone area of 0.01 µm 2 will contribute to the release of a vesicle. In our immunogold reactions, we detected ~400 gold particles in each square micrometer of active-zone membrane, demonstrating a minimum of four Cav2.1 channels in an active-zone area of 0.01 µm 2 . This calculation assumes a 100% labeling efficiency, which is possible to achieve with SDS-FRL 50 . However, we have no information regarding our labeling efficiency and therefore can provide only a lower limit on the number of calcium channels. Our pharmacological experiments demonstrated that only ~30% of the Ca 2+ enters the terminals through Cav2.1 channels. If the Cav2.2 and Cav2.3 subunit-containing channels are also confined to the active zone, and if they have a similar single channel conductance and open probability, we could estimate a minimum of 14 presynaptic calcium channels contributing to the Ca 2+ microdomain seen by the Ca 2+ sensor of a vesicle in CA3 pyramidal cell axon terminals.
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